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Abstract : In this paper, by introducing the new concept called cyclic coupled
proximal mappings we explore the existence of strong coupled best proximity point
in metric spaces that generalizes the results of [I]. Further, we also proved the
existence of strong coupled fixed point for multi-valued cyclic coupled mapping
under suitable conditions.
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1 Introduction and Preliminaries

Initially, in 1922 Banach proved the existance and uniqueness of fixed point
for contraction mapping. Later, among several interesting results given by various
authors; [2] introduced a kind of mapping which has its own significance, as it
also admits fixed point on discontinuous maps. Inspire of many authors proving
the existence of fixed point on self mappings, it has been proved by [3] that fixed
points do exist on a special kind of maps called cyclic maps.

Let A and B be two non-empty subsets of metric space (X,d). A mapping T :
AUB — AU B is said to be cyclic if T(A) C B and T(B) C A.
Meanwhile, another class of mappings called coupled maps were introduced by
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[4] to find coupled fixed point which has wide range of applications to partial
differential equations and boundary value problems.

Definition 1.1. An element (z,y) € X x X in a non-empty set X is said to be
coupled fized point for a mapping F : X x X — X if F(z,y) =z and F(y,z) = y.

These kind of maps were later generalized by [5] finding out coupled best
proximity points for coupled proximal maps with respect to A and B as non-empty
closed subsets of metric space (X,d) with AN B = 0. Very recently [1] extended
concept of cyclic maps by introducing cyclic coupled Kannan-type contraction as
follows.

Definition 1.2. Let A and B be two non-empty subsets of a metric space (X, d).
A mapping F' : X x X — X is called cyclic coupled Kannan-type mapping if F is
cyclic with respect to A and B satisfying, for some k € (0, %), the inequality

d(F(x,y), F(u,v)) < kld(z, F(z,y)) + d(u, F(u,v))].

where x,v € A and y,u € B.

Definition 1.3. Let X be a non-empty set. An element (z,z) € X x X is said
to be strong coupled fized point if F(x,z) = .

The following theorem was proved by [1].

Theorem 1.4. Let A and B be two non-empty closed subsets of a complete metric
space (X, d) with ANB #0 and F : X x X — X be a cyclic coupled Kannan-type
mapping with respect to A and B with AN B # (.Then F has a strong coupled
fixed point on AN B.

Immediately, [6] extended the result of [I] using Ciric-type contractions.
The existence and convergence of best proximity points is an interesting topic
on optimization theory on which several interesting results were published [7HI0].
Such results may sometime assume a sequential property on metric spaces called
UC-property.

Definition 1.5. Let A and B be nonempty subsets of a metric space (X, d).
Then (A, B) is said to satisfy the UC-property if {z,} and {z,} are sequences
in A and {y,} is a sequence in B such that lim,_cocd(zn,yn) = d(A, B) and
limy—00d(2n, yn) = d(A, B), then lim, _cod(xy, 2,) = 0.

In this paper, we define a new concept called cyclic coupled mappings and
prove the existance of proximity point for such mappings which reduces to strong
coupled Fixed point on particular case that ANB # (). We also find strong coupled
fixed point for multi-valued cyclic coupled mappings.



Fixed Point and Best Proximity Point Results ... 433

2 Best Proximity Points for Cyclic Coupled Map-
ping
In this part we introduce cyclic coupled proximal maps and proved the exis-

tence of proximity points for those maps under suitable conditions.

Definition 2.1. Let A and B be two non-empty subsets of a metric space (X, d)
with ANB = (. A mapping F': X x X — X is called cyclic coupled proximal
mapping of type I if I is cyclic with respect to A and B satisfying the inequality

d(F(z,y), F(u,v)) < kmax[d(z, F(z,y)), d(u, F(u,v))] + (1 — k)d(A, B)
where z,v € A and y,u € B for some k € (0,1).
Definition 2.2. Let A and B be two non-empty subsets of a metric space (X, d)

with ANB = 0. A mapping F': X x X — X is called cyclic coupled proximal
mapping of type 11 if F'is cyclic with respect to A and B satisfying the inequality

d(F(x,y),F(u,v)) < k[d(l‘,F(:L’,y)) + d(qu(uvv))] + (1 - 2k)d(AaB)
where z,v € A and y,u € B for some k € (0, %)

Definition 2.3. Let (X, d) be a metric space. An element (z,y) € X x X is said
to be strong coupled prozimal point if d(x, F(x,y)) = d(A, B) and d(y, F(y,x)) =
d(A, B) with d(z,y) = d(A, B).

Theorem 2.4. Let (X, d) be a complete metric space and A, B are two non-empty
closed subsets of X such that ANB =0. Let F: X x X — X be cyclic coupled
prozimal mapping of type I. Then F has strong coupled prozimal point if (A, B)
satisfies UC-property.

Proof. Let xg € A,yo € B be any two arbitrary elements of X. Let {x,} and {y,}
are two sequences defined as F(2,,yn) = Ynt+1 and F(y,, ©n) = py1. Then, for
n=1,
d(w1,y2) = d(F(yo, o), F'(71,y1))
< kmax[d(yo, F'(yo, z0)), d(z1, F(z1,y1))] + (1 — k)d(A, B)
< kmax(d(yo, #1)), (1, y2)] + (1 — K)d(A, B)

and

d(y1,z2) = d(F(zo,y0), F(y1,21))
< kmax[d(xo’F(x07y0))ad(ylvF(ylvxl))] + (1 k) (A’B)
< kmax[d(zo, 1)), d(y1,72)] + (1 — k)d(A, B).

Similarly,for n = 2,

d(l‘g,ygg) § kmaX[d(yla 1'2))7 d(z27y3)] + (1 - k)d(Av B)v
d(y2,x3) < kmax[d(z1,y2)),d(y2, z3)] + (1 — k)d(A, B
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In general,
d(@n, Yn+1) < kmax(d(yn—1,2n)), d(@n, Ynt1)] + (1 — k)d(A, B), (2.1)
Ad(Yn, Tnt1) < kmax[d(zn—1,Yn)), d(Yn, Tnt1)] + (1 — k)d(A, B). (2.2)

I d(zn, ynt1) < kd(zn, ynt1)+(1—k)d(A, B), the inequality reduces to d(x,, Yn+1)
< d(A, B) which gives d(xy,, yn+1) = d(4, B). Knowing the fact that, d(y,—1,2n) >
d(A, B) equation (2.1) reduces to

d(n, Yn+1) < kd(yn—1,2,) + (1 — k)d(A, B),¥n € N.
Similarly, equation (2.2) reduces as

d(Yn, Tny1) < kd(n—1,yn) + (1 = k)d(A, B),¥n € N.
Thus we conclude,

d(x’may’erl) < kd(y’mflaxm) + (1 - k)d(Av B)
< k[kd(mmf%ymfl) + (1 - k)d(Av B)] + (1 - k)d(Av B)
< E*d(zm—2,Ym—1) + k(1 — k)d(A, B) + (1 — k)d(A, B)

21: k] (1 —k)d(A, B)]
=0

< k2d(1’m727 ymfl) +

k™ d(zo,y1) + [ S0 K (1 — k)d(A, B)] if m is even,
k™ d(yo, 1) + Z?;Bl k| (1 —k)d(A, B)] if m is odd.

Since [ ;2 k'] = 12 for all k € (0,1), the above inequality become d(2ym, Ym+1)
— d(A, B) as letting m — oo and similarly it can be shown that d(ym, Tm4+1) —
d(A, B) as m — oo. The results implies that lim, oo d(Xm, ym) = d(4, B).
Claim: {z,} is a Cauchy sequence.

Let m <n

d(In, ym) = d(F(yn—hxn—l); F(xm—la ym—l))
< kmax[d(yn—1, Tn), A(Tm—1,ym)] + (1 — k)d(A, B).

Therefore, lim,, o0 d(Zn, ym) = d(A, B). Therefore by using UC-property we get,
lim,, 00 d(@p, ) = 0(i.e., for given € > 0,3ng € N such that Vm > n > ny,
d(xn, xm) < €). Hence, {z,} is a Cauchy sequence and converges to some point
x € A. Similarly, it can be proved that {y,} is a Cauchy sequence and converges
to some point y € B. Since, limy, oo (Tm,ym) = d(A, B) and d is uniformly
continuous, we get d(x,y) = d(4, B).

Now,

d(:L',F(’JJ,y)) § d(xaanrl) + d(anrlaF(:an))
= d(xaanrl) + d(F(ynaxn)a F(:L'a y))
d

< (xvxn-i-l) + kmax[d(ynvxn+1)7d(IaF(xvy))] + (1 - k)d(AvB)v
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for all n € N. Thus, as n — oo, d(z, F(z,y)) < d(A,B). i.e., d(z,F(z,y)) =
d(A, B). Similarly, we can prove that d(y, F(y,z)) = d(A, B) which concludes
(z,y) is the strong coupled proximal point of F'. O

Example 2.5. Consider A = {(0,a) | a € [0,1]} and B ={(1,b) | b € [-1,0]} on
R? under 1—norm with d(A, B) = 1. Also the sets satisfies UC-property.
Define

F(d,b) = (1, 1% if (@, V') € A x B,where a’ = (0,a)and v’ = (L,b);
D)= 000,720 i (a0, 1) € B x A,where o’ = (1a)and ¥ = (0,5).

Let 2’ = (0,x), v = (0,v) be any two elements of A and y' = (1,y), v’ = (1,u) be
any two elements of B.

Now,
T, Ny Ty —uv
ARG ), P ) = (1, 72, 0, 725
xy uv
=1
| |+|4+:E+47u|
xy uv
<|1
<+
1
<[tl+gllaf+]-ul
1 Ty uv
<14 ||z — -
sitf+g e - e |
1 1
:| 1 | -2 % g + g[d(xl7F(Ilayl)) + d(ulaF(ul7Ul))]
2 1
=(1- g)d(A,B) + g[d(x',F(ac',y')) +d(, F(u',0v"))]
2 2.d(@,F(2,y")) +d/, F(u,v"))
=(1-=)d(A,B) + =
(1= 24, B)+ 2 : |
2 2
< (1 - g)d(A,B) + g max[d(xlaF(xlayl))ad(ulaF(ulvUl))]'

Thus, F satisfies all conditions of theorem(2.4). The strong coupled proximal
points of F' on A and B are (0,0) and (1,0).

Remarks 2.1. Ifd(A, B) = 0 in the above theorem, it reduces to fized point result
which holds even if UC-property is neglected. In that case it is an generalization
to result given by [1J.

Theorem 2.6. Let (X, d) be a complete metric space and A, B be two non-empty
closed subsets of X such that ANB =0. Let F: X x X — X be cyclic coupled
proximal mapping of type II. Then F has strong coupled proximal point if it
satisfies,

d(u,v) + d(A, B) < d(u, F(a,b))



436 Thai J. Math. 14 (2016)/ J.G. Kadwin and M. Marudai

whenever v = F(b,a) and {u,v} belongs to set A or B.

Proof. Let z¢ € A, yo € B be any two arbitrary elements of X. Define F(x,,, yn) =
Ynt1 and F(yn; In) = Tn+1-
Then, for n =1,
d(z1,y2) = d(F(yo, 7o), F(21,91))
[d(yo, F(yo,z0)) + d(z1, F(x1,51))] + (1 — 2k)d(A, B)
(

k
kld(yo,z1) + d(z1,y2)] + (1 — 2k)d(A, B).

INIA

Hence d(z1,y2) < ( kk) d(yo, 1) + (11__2kk) d(A, B).
Similarly, d(y1, z2) (Lk) (o, y1) + (%) d(A, B).

o 25(302793) = d(F(y1,21), F (22, 92))
< kld(y1, F(y1,#1)) + d(z1, F(z1, 1)) + (1 — 2k)d(A, B)
< k[d(y1,x2) + d(z2,ys3)] + (1 — 2k)d(A, B)
and hence,
d(22,y3) < (%) d(y1, 2) + (11_2:) d(A, B)
< <£)2d(xo,y1) + (11_2:> 1+ %) (A, B)
() (2 [ (2
Similarly,
d(y2,x3) < <£)2d(yo,:ﬂ1) + (11_2:) 21: (%) d(A, B).

For n = 3 it is easy to obtained that,

d(x3,ya) < <£)3d(?jo,x1) n (11_2:>

d(ys, z4) < (%)Bd(xo,yl)—i— (11_2:) _42 (%) d(A, B).

In general it can be concluded that,
(lf—k> d(yo,z1) + (%) Z?:_Ol (%) d(A,B) if nis odd;

(ﬁ—k)nd(:co,yl) + (%) Z?;ol (ﬁ)l d(A, B) if nis even.

d(l’n, yn+1) §
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In the above inequality, as lim,, o d(Zn, Yynt1) = d(A, B) and Similarly, as
limy, 00 d(Yn, Tnt1) = d(A, B).
Claim: {x,} is a Cauchy sequence.

Let m > n.
d(.ﬁn,.ﬁm) < d(xn; F(xm—hym—l)) - d(Aa B)
S d(F(ynflaxnfla F(xmflaymfl)) - d(Aa B)
< k[d(ynflvxn) + d(szlvym)] + (1 - 2k)d(A7 B) - d(Aa B)
< k[d(yn—lvxn) + d(xm—hym)] + (—Qk’)d(A, B)-

Hence, as lim,,—, o0 d(2p, ) = 0. Therefore, {x,,} is a Cauchy sequence and hence
converges to some point € A. Similarly, {y,} is a Cauchy sequence and hence
converges to some point y € B. Therefore, d(z,y) = d(A, B).

Now,
d(I, F(x7 y)) < d(xv F(yn; In)) + d(F(yn; wn)v F(Ia y))
< d(z,zns1) + kldYn, F(Yn, zn) + d(z, F(z,y))] + (1 — 2k)d(A, B)
and hence,

(1 - K)d(z, F(2,)) < d@n, 2ns1) + kd(ya, 2ai1) + (1 - 2k)d(A, B).

Now letting n — oo, the above inequality reduces to

d(z, F(z,y)) < (#) d(A,B) + (11_2: ) d(A, B)

< d(A, B).

Therefore, d(z, F(z,y)) = d(A, B) and similarly, d(y, F(y,x)) = d(A, B) with
d(z,y) = d(A, B) concludes that (z,y) is the strong coupled proximal point of
F. O

Example 2.7. Consider A = {(0,a) | a € [-1,0]} and B = {(1,b) | b € [-1,0]}
on R? under 1-norm with d(A, B) = 1.
Define

Fla ) = (1,2 if (a’,b') € A x B,where o’ = (0,a)and b’ = (1,b);
R () ) if (a/,b') € B x A, where a’ = (1,a)and b’ = (0,b).

It is easy to verify that F' satisfies all conditions of Theorem 2.6. The strong
coupled proximal points of F' on A and B are (0,0) and (1,0).

3 Strong Coupled Fixed Point for Cyclic Coupled
Multi-Valued Mapping

In this part we introduce the concept of multi-valuedness on cyclic coupled
mapping and established strong coupled fixed point for cyclic coupled multi-valued
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contraction maps. Let (X, d) be a metric space and CB(M) denote collection of
all non-empty closed and bounded subsets of X with metric defined for A, B €
CB(M) as

H(Av B) = max{sup d(:L', A)a sup d(ya B)}a
reB yeA

where d(z, A) = infyc 4 d(z,y). Such a map H is called Hausdorff metric induced
by d.

Definition 3.1. Let A and B be two nonempty subsets of complete metric space
(X,d). A mapping F': X x X — CB(X) is said to be cyclic coupled ¢-multivalued
contraction mapping with respect to A and B if

H(F(x,y), F(u,v)) < ¢ld(z,u)]d(z,u), for all z,v € A and y,u € B,

where ¢ : [0,00) — [0,1) is a increasing function with 0 = ¢(0) < ¢(r) < r for all
r € (0, 00).

Theorem 3.2. Let (X,d) be a complete metric space and A and B be two non-
empty closed subsets of X such that AN B # 0. Suppose F: X x X — CB(X)
be cyclic coupled ¢p-multivalued contraction mapping with respect to A and B such
that F(z,y) is closed and bounded on Ax B and B x A, then F has strong coupled
fized point in AN B.

Proof. Let xg € A,yo € B be any two arbitrary elements of X. Choose x; €
F(yo,x0),y1 € F(xo,y0) and s > 1 such that s¢[d(yo,x0)] < 1. Then

d(z1,91) < sH(F(yo, o), F(xo,Y0))
< s¢ld(yo, zo)] d(yo, o)
< d(yo,x0), since sP[d(yo,xo)] < 1.

Hence, ¢[d(z1,y1)] < ¢[d(yo,z0)]-
Similarly, Choose ¢ > 1 such that t¢[d(yo,z1)] < 1 and ¢p[d(xo,y1)] < 1.
Then, from definition, we can find z2 € F(y1,21) and y2 € F(x1,y1) such that

d(z2,y2) < sH(F(y1,21), F(z1,91))
< spld(y1,v1)] d(y1, x1)
< s¢ld(yo, zo)] d(y1,21)
< d(y1,21),since s¢[d(yo,z0)] < 1.

Hence, ¢[d(x2,y2)] < ¢[d(y1,z1)], with

d(z1,y2) < tH(F(yo, o), F(z1,91))
S t¢[d(y0; 1'1)] d(yo; 1'1)
< d(y07x1)75ince t¢[d(y07x1)] <L
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Therefore, ¢[d(x1,y2)] < ¢[d(yo,x1)]. Also, we get

d(y1,2) < tH(F(z0,Y0), F'(y1,71))
< tgld(zo, y1)] d(xo, y1)
< d(x0,y1),since tdld(yo, x1)] < 1.

Therefore, gld(y1, )] < é{d(zo, )]
Now, choose 3 € F(y2,22) and y3 € F(x2,y2) which gives
d(xs, ys) < sH(F(y2, x2), F(22,y2))
< s¢ld(y2, v2)] d(y2, z2)
< S¢[d($1, yl)] d(yQa $2)

< sld(wo, yo)] d(yz2, 2)
< d(y2,x2),since sP[d(xo,yo)] < 1.

Therefore, ¢[d(z3,ys)] < ¢[d(ys, z2)] with

d(x2,y3) < tH(F(y1,21), F(22,92))
< to[d(y1, z2)] d(y1, z2)
< tpld(wo,y1)] d(y1,72)
< d(y1,x2), since to[d(xo,y1)] < 1.

Therefore, ¢[d(z2,ys3)] < ld(y1,x2)] and also from

d(xQ’ y3) < t¢[d($0, yl)] d(y17 $2)
< [tgld(zo, y1)]]? d(xo, 1)

Also, we get

d(y2, x3) < tH(F(21,91), F(y2, 22))
< tpld(z1,y2)] d(z1,y2)
< tPld(yo, z1)] d(x1,y2)
< d(z1,y2)

Therefore, ¢[d(y2,x3)] < ¢[d(z1,y2)] and also from

d(y2, z3) < td[d(yo, z1)] d(z1,y2)
< [t¢[d(y0; 1'1)]]2 d(yO; 1'1)~

Let us assume that z,, € F(y,—1,2n—1) and y, € F(xn—1,Yn—1), with

d(xna yn) < S(,b[d(l’o, yO)] d(ynfla xnfl)
< d(Yn—-1,%Tn-1)

439
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which gives ¢[d(zn,yn)] < Pld(Yn—1,2n—1)] and also assume

[td[d(zo, y1)]]" " d(zo, y1),if n is odd;
[told(yo, 1))t d(yo, 1), if n is even.

with @ld(xn—1,Yn)] < &ld(Yn—2,2n-1)] and

[to[d(yo,z1)]]"t d(yo, x1),if n is odd,;
[to[d(zo,y1)]]"~t d(xo,y1),if n is even.

d(xnfla yn) < {

d(yn—h xn) < {

with @[d(yn—1,7n)] < dld(Tn—1,Yn)]-
Now, for ;41 € F(yn, ) and yp+1 € F(2n, yn), we have
A(Tnt1,Yn+1) < SH(E (Y, 2n), F(Tn, Yn))
< 5@[d(Yn, Tn)] d(Yn, Tn)
< s¢ld(zo,yo)] d(2n, yn)
< [spld(0,y0)])* d(@n—1,yn—1)

< [s¢[d(z0, yo)]]" d(z0, yo)-
A(@ns Ynt1) < LH(F(Yn-1,Tn—1), F(Tn,Yn))
< told(yYn—1,25)| d(Yn—1,2n)
{[téf’[d(yo,ﬂfl)ﬂnd(yo,991)7if n is odd;
[tdld(x0,y1)]]"d(x0,y1),if n is even.

Similarly, we obtain that

),
,l‘ .
A(yns 1) [d(yo, z1)]]™d(yo, x1),if n is even.
)

A(Tn, Tnt1) + dYns Ynt1) < d(Tn, Yn) + d(yn, Tnt1) + A(Yn, Tn) + d(@n, Yn+1)
d(Zn, Yn) + d(Yn, Tni1) + d( T, yn) + d( @0, Yny1)
2d(2n, Yn) + d(Yn, Tns1) + d(@n; Y1)

2[s¢ld(wo, yo)]]" d(wo, yo) + [tdld(yo, x1)]]" [d(yo, 1)
+ d(zo,y1)].

Since, s¢[d(zo,y0)] < 1 and t@[d(yo, z1)] < 1 we get i d(@i, Tit1)+d(Ys, yit1) <
oo. Hence, {z,} and {y,} are Cauchy sequences in AU B. Let, {z,} — z and
{yn} — y. Also, d{zn},{yn}) = 0 as n — oo, which implies that d(z,y) = 0 i.e.,
x=y.

{ old(xo,y1)]]"d(x0,y1),if n is odd;
<
<
<
<

d(z, F(z,x))

—_—_) ==

z, F(z,y))
T, xn) + d(zn, F(z,y))
l’,l‘n) + d(F(ynflaxnfl)a F(:L'a y))

d
d
d
d(x,xn) + kd(yn—1,),

INIACIA
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for all n € N. Hence (z, z) is the strong coupled fixed point of F', since as n — oo,
we get d(z, F'(z,x)) = 0. Since, = y, the equality becomes d(z, F(z,z)) = 0 and
hence (z, z) is the strong coupled fixed point of F. O

Acknowledgements : I would like to thank the referees for his comments and
suggestions on the manuscript.
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